ABSTRACT. We previously reported that small wild rodents in Japan harbor two types of novel Babesia microti-like parasites (designated as Hobetsu and Kobe types), but not the type commonly found in the northeastern United States (U.S. type) where human babesiosis is endemic. To determine whether these new types of parasites are distributed in places surrounding Japan, an epizootiologic survey was undertaken in three geographically distant areas in northeastern Eurasia; South Korea, Vladivostok in Russia, and Xinjiang in China. Blood samples were collected from a total of 387 animals comprising 24 species. DNAs extracted from the samples were tested by nested PCR targeting babesial nuclear small-subunit rRNA gene (rDNA), which revealed that small rodents harboring B. microti exist in all three survey areas. Sequence analysis showed that all PCR-positive samples had rDNA sequences virtually identical to that of U.S.-type B. microti. However, when β-tubulin gene sequences were compared, evident geographic variations were seen. By use of primers specific for each of the β-tubulin genes of Kobe-, Hobetsu-, and U.S.-type parasites, a type-specific PCR was developed. Parasite with Hobetsu-or Kobe-type sequence was not detected from any of the three survey areas. These findings suggest that U.S.-type B. microti is widely distributed among small wild mammals in temperate zones of not only North America, but also Eurasia, whereas that Hobetsu-and Kobe-type parasites may be uniquely distributed in Japan.
Babesia microti is a tick-transmitted, intraerythrocytic protozoan parasite frequently seen in small wild rodents. This parasite is known to be the causative agent of human babesiosis, an emerging tick-bone zoonosis that is endemic mainly in the northeastern and upper midwestern United States [19, 29] . Extensive epidemiological studies have been conducted in the regions, revealing that the whitefooted mouse (Peromyscus leucopus) and the black deer tick (Ixodes scapularis) serve as the rodent reservoir and the tick vector, respectively, for the agent of human babesiosis [19, 29] .
In the literature, there are many reports that document the parasitization of Babesia among wide varieties of rodent species in various places in the world, including North America [3, 14, 33] , Europe [15, 16, 18] , Africa [8] and East Asia [28, 32] . The parasites reported in those studies are referred to as B. microti, suggesting that a single parasite species may widely be distributed throughout the world. However, because identification of the species in most studies was made primarily on the basis of parasite morphology and host species, and also because the taxonomy of rodent Babesia spp. has historically been quite complicated [20, 21] , the possibility that several similar, but significantly distinct, parasite species might have been regarded as the same species can not be excluded. The possible presence of distinct "B. microti" in different places might give an easier explanation for the geographically biased occurrence of symptomatic human babesiosis cases, which have been reported frequently from the United States but only very rarely from other regions in the world.
Our previous investigations on the first Japanese case of human babesiosis [25, 34] proved that the patient was infected by blood transfusion from an asymptomatic carrier. A following epidemiological survey [31] further revealed that two types of B. microti-like parasites, namely Kobe and Hobetsu, are enzootic among Japanese small wild rodents, and that Apodemus speciosus, a species of Muridae unique to Japan, serves as the major reservoir of the agent of human babesiosis. Both the Kobe-and Hobetsu-type parasites were closely related phylogenetically to the U.S.-type parasite (=B. microti sensu stricto), but these three types were clearly distinguishable from one another antigenically and genotypically [31] . Parasites with a nuclear small-subunit rRNA gene (rDNA) sequence that is virtually identical to that of the United States B. microti have also been reported from Europe [7, 35] , but to date not from Japan [31] . The objective of the present study was to conduct epizootiologic surveys in various places in northeast Eurasia for detection of Babesia parasites in small wild mammals.
MATERIALS AND METHODS
Field collections: Epizootiologic field surveys were car-ried out in three geographically distant areas in the northeastern Eurasia: South Korea, Vladivostok in Russia, and Xinjiang Uygur autonomous region in China (Fig. 1) . Samples from South Korea were collected in 2001 for this study, and obtained from 154 animals comprising three species of Rodentia and one of Insectivora. Field collections were carried out at eight locations; Odaesan National Park, Sobaeksan National Park, Songnisan National Park, Chirisan National Park, Soraksan National Park, Inchon in Kyodong, Tokyusan National Park, and Samsan in Inchon City. The blood specimens, which were stored in a dried form on blood sampling papers (Toyo Roshi, Tokyo), were brought to Japan and processed for subsequent analyses. Small wild mammals collected in these places are listed in Table 1 . At two survey points near Vladivostok, 68 animals comprising five species of Rodentia were trapped in 1999. The serum samples collected were used for a previous study [22] , and the remaining blood clots that had been stored at -80°C were made available for the present study. In Xinjiang, 165 small wild mammals comprising 19 species of Rodentia were captured during 1998 and 1999 at eight locations, namely Wuchai wan, Wulong-gu, Fuhai, Bulzin, Hanashi Lake, Jadenggu, Fuwen, and Kamushite [2] . The survey in Xinjiang was originally conducted for other purposes [2, 13] , and the remaining stocks of dried bloods absorbed on filter papers were made available for this study.
DNA preparation: The samples collected near Vladivostok were stored as frozen clotted blood. DNAs from these samples were prepared with a whole blood DNA extraction kit (DNA Extractor WB Kit; Wako Pure Chemical Industries, Osaka) according to the instruction manual supplied by the manufacturer, except that clotted blood was mashed with a pestle (Handy Pestle; Toyobo, Osaka). The blood samples collected in Xinjiang and South Korea had been stored in a filter paper-absorbed, dried form. These filter papers were cut into small pieces and soaked in 500 µl of phosphate buffered saline (PBS) containing 0.05% NaN 3 for 2 days at 4°C. After centrifugation at 15,000 × g for 10 min, the supernatants were transferred to new tubes and used for IFA tests. The pellets were resuspended in 500 µl of TNE buffer (150 mM NaCl, 10 mM Tris-HCl, and 100 mM EDTA, pH 8.0) containing 1% sodium dodecyl sulfate and 100 µg/ml of proteinase K, and incubated at 55°C overnight. DNA was purified by phenol-extraction followed by ethanol precipitation. DNA pellets were dissolved in 30 µl of TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.5).
Detection of B. microti-specific DNA in blood samples: Nested PCR for detection of Babesia parasites in the blood specimens of the field collections was carried out according to the previously published protocol [31, 34] . All oligonucleotide primers used for various PCR are listed in Table 2 . Approximately a 1/30 volume of the final DNA preparations described above was used for the first-round PCR, which was followed by the second-round PCR with 1 µl of the first-round product. Two kinds of primer sets were used to detect babesial rDNA: one set, Bab1A-4A (Bab1A and Bab4A for the first-round PCR, followed by Bab2A and Bab3A for the second round), was highly specific for rDNA of all three types of B. microti-like parasites (GenBank accession numbers U09833, AB050732, and AB032434 for U.S., Hobetsu, and Kobe types, respectively), and the other set, Bab5-8 (Bab5 and Bab8 for the first-round PCR, followed by Bab6 and Bab7 for the second round), was broadly specific for various piroplasms belonging to Babesia and Theileria. In order to minimize erroneous amplification during nested PCR, both DNA preparation described above and PCR detection were carried out in an isolated laboratory room with specialized equipment. Unused filter tips were always used for pipetting to avoid cross-contaminations.
Sequencing analysis of rDNA: In order to determine gen- otypes of B. microti, near full-size rDNA sequences (approximately 1.6 kb) were amplified from DNA samples of field collections by nested PCR with the primer sets of Piro1F and rRNA-3', followed by Bab1A and Piro6R ( Table 2 ). The procedures of DNA sequencing have been described previously [25] . Sequencing analysis of β-tubulin gene: The 1651 bp sequence encoding the full-size β-tubulin gene of the Gray strain was elaborated by combining three overlapping sequences. The first sequence contained a 1214 bp partial sequence of the β-tubulin gene, which was amplified from the parasite genomic DNA with a set of primers Tubu63F and Tubu-3' ( Table 2 ). The second sequence was obtained by reverse transcription-PCR [27] from mRNA of Gray strain, which amplified the 551 bp 3'-end region of the β-tubulin mRNA. The third sequence contained both 5'-and 3'-end regions of the genomic β-tubulin gene, which were amplified by inverse PCR [27] from fragmented genomic DNAs of the Gray strain made by Hinc II-digestion followed by self-ligation. Amplification of β-tubulin gene sequences from various geographic samples was carried out by nested PCR with UStubu127F and UStubu1637R primers for the first-round PCR, and with another set of primers, UStubu161F and UStubu1609R, for the second-round PCR. The specific PCR products, approximately 1.5 kb in size, were cloned and sequenced as described previously [25] . Sequences of β-tubulin genes from genomic DNAs of Hobetsu-and Kobe-type parasites and of Babesia rodhaini were amplified by PCR with a set of primers Tubu63F and Tubu-3' (Table 2) . Analyses for DNA sequences and phylogenetic relationships were done by using the MacVector software package, version 7.0 (Genetic Computer Group Inc., Madison, Wis, U.S.A.). The sequences were aligned with the program Clustal W Alignment [30] , and a phylogenetic tree was constructed by the neighbor-joining method [26] from the aligned sequences with the program Phylogenetic Analysis in the MacVector software. Support for tree nodes was calculated with 1,000 bootstrap replicates by use of the bootstrap tree algorithm. Type-specific PCR: Nested PCR for specific amplification of each of the β-tubulin genes from the U.S.-, Hobetsu-, and Kobe-type of B. microti-like parasites was developed. A set of primers used for the first-round PCR were BmTubu93F and BmTubu897R, which were designed to equally amplify all three types of β-tubulin gene sequences. The second-round PCR was carried out with four sets of primers (Table 2) . One set, BmTubu192F and BmTubu782R, was designed to universally amplify most B. microti group parasites, and the other three sets were designed to specifically amplify each of the three types (Tubu-US5' and Tubu-US3', Tubu-Ho5' and Tubu-Ho3', and Tubu-Ko5' and Tubu-Ko3' for U.S., Hobetsu, and Kobe types, respectively). In each of these oligonucleotide primers (Table 2) , an artificial single mismatch was introduced to a critical position near the 3' end in order to enhance the specificity of primers. The PCR mixtures contained 400 µM each deoxynucleoside triphosphate, 0.25 µM each primer, an appropriate amount of template DNA, and 1 U of La Taq DNA polymerase (Takara Biochemical, Otsu) in 20 µl of the PCR buffer supplied with the enzyme. Thermal cycling was carried out in a GeneAmp PCR system 9600 thermal cycler (Perkin Elmer, Norwalk, Conn, U.S.A.) with 30 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 60 s, and extension at 72°C for 90 s.
Serological analysis: The indirect immunofluorescent antibody test (IFAT) was carried out to detect specific antibodies against B. microti in PBS-eluates from blood specimens of field collections. The Gray strain was used as the antigen for IFAT. The method of IFAT has been described previously [25] .
Reference strains of B. microti: The strains Gray and GI (U.S. type), Ho234 (Hobetsu type), and Ko524 (Kobe type) have been described in our previous study [25, 31] , and were propagated in hamsters. The Australian strain of B. rodhaini, kindly provided by the National Institute of Animal Health, Tsukuba, Japan, was propagated in BALB/c mice. Babesia canis vogeli, Okinawa isolate, has been described in an earlier study [1] .
Nucleotide sequence accession number: The sequence data generated in the present study were submitted to DNA Data Bank of Japan and were given accession numbers as listed in Table 3 .
RESULTS
Epizootiologic survey: Small wild mammals examined in the present study are listed in Table 1 . Blood samples were collected from 154 animals comprising four species in South Korea, from 68 animals comprising five species in Vladivostok, and from 165 animals comprising 19 species in Xinjiang. DNAs extracted from these samples were tested by nested PCR, for which two kinds of primer sets were used (Table 2) : one set, Bab1A-4A, was highly specific for the rDNAs of three types of B. microti-like parasites (GenBank accession numbers U09833, AB050732, and AB032434 for U.S., Hobetsu, and Kobe types, respectively), the other set, Bab5-8, was broadly specific for various piroplasms belonging to Babesia and Theileria. The results of these PCR amplifications are summarized in Table  1 , which revealed that small wild rodents harboring B. microti exist in all three places surveyed in the present study.
Sequencing analysis of rDNA: Twenty-two samples, which were PCR-positive with the primer set of Bab1A-4A, were subjected to another PCR for amplification of nearly full size rDNA sequences. Sequencing analysis revealed that both the 17 specimens from South Korea and the two specimens from Vladivostok had identical rDNA sequences which were exactly the same as that reported for a B. microti isolate from United States (GenBank accession number U09833). The two specimens from Lagurus luteus in Xinjiang had rDNA sequences which were also identical to that of U.S.-type B. microti, except for two nucleotide substitutions at positions 605 and 1601 (GenBank accession number AB083375). Another sample from Citellus erythrogenys in Xinjiang, that was positive by B. microti-specific PCR, was found to have an rDNA sequence (GenBank accession number AB083376) with the highest similarity to that of Babesia canis (GenBank accession number AB083374). There were 131 specimens that were PCR-positive with the primer set of Bab5-8, but PCR-negative with the primer set of Bab1A-4A. Sequencing analysis of those rDNAs revealed that all of them were probably not derived from B. microti nor any closely related parasite, but may rather be derived from some other protozoan species belonging to Eimeriida, such as Isospora, Sarcocystis, and Hepatozoon spp. Sequence analysis of β-tubulin gene: To further verify the presence of B. microti in the blood samples that were positive by rDNA-based PCR, babesial β-tubulin gene was also amplified from each of those samples and sequenced. Whereas the samples collected within a survey area had identical β-tubulin gene sequences, apparent sequence variations were seen among the samples obtained from distant geographic areas. We also amplified and sequenced partial β-tubulin gene sequences from two Japanese B. microti-like parasites (Kobe and Hobetsu types) and B. rodhaini (another rodent Babesia) for phylogenetic analysis. All of them contained two introns, the presence of which was experimentally confirmed by sequencing cDNA from β-tubulin mRNA. A neighbor joining tree constructed with those sequences was depicted in Fig. 2 , showing that all the parasites detected in the present survey were closely related to B. microti from the United States.
Development of type-specific PCR: Designing primers specific for the β-tubulin genes of U.S.-, Hobetsu-, and Kobe-type parasites (Table 2) , we developed type-specific nested PCR. The specificity of this PCR system is shown in Fig. 3a , demonstrating formation of a single positive signal which was specific for each type of the three B. microti-like parasites, namely Kobe-Hobetsu-and U.S.-type. The specificity of PCR products could further be verified without sequencing in aid of restriction enzyme digestion (Fig. 3b) . The results obtained by this system were consistent with those obtained by rDNA-based PCR and sequencing (Table  1) . A parasite with β-tubulin gene sequence of Hobetsu-or Kobe-type was not detected in any sample collected from the three survey areas.
Serological assay: The PBS-eluates from the blood samples, in which the presence of B. microti was detected by PCR, were tested by IFAT to detect specific antibodies against B. microti. Gray strain of B. microti [11] was used as the U.S.-type parasite antigen for IFAT. However, we were not able to find any sample which reacted with this parasite antigen (IFAT titers below 1:64).
DISCUSSION
In the present survey, we were able to demonstrate that U.S.-type B. microti is widely distributed among small wild rodents in northeastern Eurasia. Parasites with rDNA sequences that are virtually identical to that of B. microti from the United States (GenBank accession number U09833) have also been reported from Europe [7, 35] . Accordingly, it became increasingly clear that a single parasite species (B. microti sensu stricto, which is described as the U.S. type in this study) is distributed throughout the temperate zones of the Northern Hemisphere.
We previously reported that small wild rodents in Japan harbored two types of novel B. microti-like parasites, namely Hobetsu and Kobe types [31] , whereas that U.S.-type B. microti has so far not been isolated in the country. Both the Hobetsu-and Kobe-type parasites have been isolated mainly from the large Japanese field mouse, A. speciosus, which is a major species of Muridae unique to Japanese Islands, indicating that these two types of B. microti-like parasites may also be unique to the country. Although some taxonomic criteria, such as morphology, pathogenicity, and ecological niche, place these Japanese parasites within the species of B. microti, our previous study clearly demonstrated that they differed from U.S.-type B. microti antigenically and genotypically [31] . If we are able to obtain further evidence for the geographic isolation of these two Japanese B. microti-like parasites, it may be reasonable to propose separating them into new species or at least new subspecies. The present survey showed that Apodemus agrarius, A. penisulae, Clethrionomys rufocanus, and Lagurus luteus were the rodent species harboring B. microti in northeastern Eurasia. A. penisulae and C. rufocanus are also known to exist on Hokkaido Island in Japan, because this island had been connected with Eurasian Continent via Sakhalin Island during the latest ice age until approximately ten thousand years ago. Hence, despite the apparent absence of U.S.-type B. microti in Japan, it may be possible to find this type in that region of the country. A sample from Citellus erythrogenys trapped in Xinjiang, China, contained a Babesia parasite whose rDNA was the most closely related to that of B. canis vogeli isolated from a dog in Okinawa Japan [1] . Whether this parasite is involved in any disease of dogs or humans is currently unknown, although a human case that was suggested to be due to B. canis has been reported [23] .
The presence of Babesia parasites in the blood specimens was successfully determined by specific amplification of a short target sequence within the rDNA. However, sequencing near full length rDNA (approximately 1.6 kb) was needed for subsequent genotypic classification into Hobetsu, Kobe, and U.S. types, since the numbers of nucleotide sequences useful for type discrimination were only a very few; the three types of rDNAs showed more than 99.2% similarities [31] . Owing to such high degree of sequence conservation, the rDNA was not an appropriate target for further study on an intragenotypic, geographic variations. In fact, all the rDNA sequences amplified from the field collections in the present survey were virtually identical. Thus, we have analyzed β-tubulin gene sequences in addition to rDNA. All the β-tubulin gene sequences from the three survey areas exhibited high degrees of sequence similarity to that of B. microti isolated in the northeastern United States (GenBank accession number AB083377). Sequences obtained within a single survey area were identical, whereas significant numbers of base substitutions were seen among sequences obtained from distant areas, demonstrating intragenotypic, geographic variations. Most substitutions were found at the third nucleotide of the triplet genetic codon, therefore, resulted in little amino acid substi- tution. Sequencing analysis was carried out also for the β-tubulin genes of Hobetsu-and Kobe-type B. microti-like parasites and B. rodhaini. All of them contained two introns. While the position of the first intron is precisely conserved for most parasites in phylum Apicomplexa [4] [5] [6] 24] , the presence and position of the second intron are probably unique to B. microti group (B. microti and closely related parasites, including B. rodhaini), because the other parasites belonging to genera Babesia and Theileria apparently lack it (M. Tsuji, unpublished data). The two introns were very small in size, 20 and 22 bp for the first and second ones, respectively, which are comparable to the smallest introns found in chloroplast nucleomorph of Chlorarachniophyte algae [10] . Since such introns may be too small to be recognized by the splicing mechanism known for general spliceisomal introns [12] , B. microti may have a unique splicing mechanism. The introns in the β-tubulin genes of other Babesia and Theileria parasites are much longer than the first ones of B. microti group [4] . Gain and loss of introns have been regarded as a significant event in phylogenetic evolution [9] . Such features may be regarded as an additional line of evidence which supports the proposal that parasites in this group should belong to neither Babesia nor Theileria, and be re-classified as an independent genus [17, 35] .
Phylogenetic analysis of the β-tubulin genes showed that sequence variations seen among the Kobe-, Hobetsu-, and U.S.-type parasites were much greater than those seen within various U.S. type B. microti from geographically distant areas. Whereas the former may be regarded as the interspecies variation, the latter may represent the intraspecies one. Evolutionary distances among these three types were comparable to those between some parasites in Piroplasmida that are well established to be distinct species, such as the distances between Theileria parva and T. annulata and between Babesia bigemina and B. caballi (M. Tsuji, unpublished data). This finding was in contrast to that reported in the previous studies based on rDNA sequences [25, 31] , which showed that all the U.S.-, Hobetsu-, and Kobe-type parasites were quite closely related with each other. Because the degree of sequence conservation in the rDNA is exceptionally high, the phylogenetic analysis based on this gene may give rise to a significant underestimation. Further analyses with multiple genes will be needed to unequivocally address this issue.
We were able to develop type-specific nested PCR using primers that were specific for each β-tubulin gene of Kobe-, Hobetsu-, and U.S.-type parasites. This type-specific PCR easily and quickly generated results that were consistent with those obtained by rDNA-based PCR followed by sequencing analysis. Therefore, this system provided us with a much easier way of detection and typing B. microti-like parasites than that targeting their rDNA, and will become a powerful tool for facilitating epidemiological studies in much larger scale. With this type-specific PCR, we are currently conducting a field survey to identify vector ticks in Japan which transmit each of Hobetsu-and Kobetype B. microti-like parasites.
Our serological assay failed to detect any specific antibody against B. microti. Because a local parasite isolate from any of the three survey areas has not been available in the present study, Gray strain, an isolate from the United State index case patient [11] , was used as the U.S.-type parasite antigen for IFAT. However, variation in the β-tubulin gene sequences suggests that B. microti from different regions may significantly vary in their antigenicity. For more sensitive antibody detection, therefore, isolation of local parasites with homologous antigenicity may be needed.
